Acute promyelocytic leukemia (APL) is a clonal expansion of hematopoietic precursors blocked at the promyelocytic stage. Gene expression profiles of APL cells obtained from 16 patients were compared to eight samples of CD34 þ -derived normal promyelocytes. Malignant promyelocytes showed widespread changes in transcription in comparison to their normal counterpart and 1020 differentially expressed genes were identified. Discriminating genes include transcriptional regulators (FOS, JUN and HOX genes) and genes involved in cell cycle and DNA repair. The strong upregulation in APL of some transcripts (FLT3, CD33, CD44 and HGF) was also confirmed at protein level. Interestingly, a trend toward a transcriptional repression of genes involved in different DNA repair pathways was found in APL and confirmed by real-time polymerase chain reactor (PCR) in a new set of nine APLs. Our results suggest that both inefficient base excision repair and recombinational repair might play a role in APLs development. To investigate the expression pathways underlying the development of APL occurring as a second malignancy (sAPL), we included in our study eight cases of sAPL. Although both secondary and de novo APL were characterized by a strong homogeneity in expression profiling, we identified a small set of differentially expressed genes that discriminate sAPL from de novo cases.
Introduction
Acute promyelocytic leukemia (APL) is a distinct subtype of acute myeloid leukemia (AML) characterized by specific clinical and genetic features. Most notably, these include an invariable balanced chromosomal translocation involving the retinoic acid receptor alpha (RARA) locus. In the vast majority of APL cases, RARA located on chromosome 17 is fused to the promyelocytic leukemia (PML) gene on chromosome 15 (t15;17) that is associated to the exquisite striking response to differentiating agents such as all-trans retinoic acid (ATRA).
Studies of APL-associated translocations have shown that the aberrant transcriptional regulation by the resultant fusion proteins plays a central role in the pathogenesis of the disease. The recruitment by the PML-RARA fusion protein of a transcriptional repressor complex containing histone deacetylases (HDAC) and DNA methyltransferases leads to gene expression deregulation 1, 2 interfering with normal myeloid differentiation. 3 Although normal RARA responds to physiologic ATRA levels by shedding the deacetylase complex, followed by association with an acetyltransferase complex, PML-RARA responds only to pharmacological concentrations of ATRA. The ability of leukemic cells to differentiate upon ATRA treatment correlates with the ability of their translocation fusion proteins to displace the repressor complex in response to ATRA. In fact, patients with PML-RARA þ APL typically achieve remission upon treatment with high doses of ATRA. Such treatment provides one example of successful transcriptionbased therapy.
In recent years, the incidence of AML occurring as a second tumor (sAML) has increased as a consequence of improved antineoplastic treatment and prolonged survival of patients with cancer. sAML occurring in patients previously treated for a primary tumor with chemotherapy with or without radiotherapy have been referred to as therapy-related AML (tAML). APL occurring as a second tumor (sAPL) represents an increasing fraction of sAML. 4 ,5 sAPL and de novo APL share specific clinical and genetic features. Analysis of small series of patients suggested that the frequency of different PML gene breakpoints (bcr1, bcr2 and bcr3) in sAPL is similar to that observed in de novo cases. 5 Consistent with this, sAPL shares with de novo APL the striking response to differentiating agents such as ATRA and a favorable outcome after treatment with modern combinatorial regimens including anthracycline-based chemotherapy and retinoids. 4, 5 Such good response to treatment in sAPL is in stark contrast with other types of sAML that are frequently refractory to therapies. In fact, the prognosis for sAML is generally dismal and survival rates are much poorer than for de novo AML. [6] [7] [8] A distinguishing feature of sAML, including sAPL, is a high frequency of defects in DNA mismatch repair (MMR). [9] [10] [11] Loss of this pathway is uncommon in de novo AML cases. We have suggested that this might reflect selection for MMR-defective hemopoietic progenitor cells during exposure to cytotoxic drugs. 12 Another intriguing feature of sAPL that distinguishes it from de novo APL is the remarkable predominance of female patients including those cases developed after a cancer treated with surgery alone. 4, 13 Such female patients predominance is not observed in other subtypes of sAML. This gender bias may be related to the high incidence of cancers of the female reproductive system (uterus, ovary or breast) among primary tumors in sAPL patients. A trend toward early onset primary breast cancer among sAML patients has been reported previously raising the possibility that common genetic factors might predispose to breast cancer and secondary leukemias. 11 As inappropriate modulation of chromatin structure by HDACs and subsequent deregulation of gene expression represent a relevant pathogenetic pathway in the development of APL, analysis of gene expression profiles might provide a powerful approach to identify genes whose functions are involved in the pathogenesis of this disease. To shed light into the molecular mechanisms underlying the disease, we used the DNA microarray technology to compare gene expression profiles of leukemic cells obtained from de novo and sAPL patients and CD34
þ -derived normal promyelocytes. Leukemic promyelocytes showed widespread changes in transcription in comparison to their normal counterpart and we were able to identify 1020 genes differentially modulated together with a robust co-expression component of the entire data set driven by the opposition normal/leukemic promyelocytes. In addition, although APL patients were characterized by a strong homogeneity in expression profiling, we were able to identify a small set of differentially expressed genes that discriminates sAPL from de novo cases.
Patients and methods

Patients
Sixteen Italian patients with APL were analyzed including eight de novo cases compared to eight sAPL (four therapy-related cases and four cases secondary to a tumor treated by surgery alone). Patient details were recorded in the GIMEMA (Gruppo Italiano Malattie Ematologiche Maligne dell'Adulto) Archive. Patients were admitted, treated and followed up at the Department of Cellular Biotechnologies and Hematology of the University La Sapienza of Rome from January 1995 to August 2002. The main biologic and clinical features of patients are summarized in Table 1 . In sAPL patients, detailed information was obtained on demographics (race, age, gender), time and date of onset of primary cancer, related treatment (surgery, chemotherapy, radiotherapy), outcome and latency between the primary malignancy and sAPL. Response to therapy was analyzed in sAPL and in de novo APL patients, which were all treated according to the ATRA and idarubicin regimen. The median age at diagnosis of sAPL was 32.5 years (range 23-68 years). The median latency between the primary malignancy and sAPL was 31 months (range 13-72 months). Seven patients had cancer of breast or uterus as the first malignancy accounting for the prevalence of female patients. The eighth case had a primary Hodgkin's lymphoma. Treatment of the initial malignancy was surgery alone in four patients, radiotherapy alone in three patients and chemotherapy combined with radiotherapy in one patient. We also examined eight de novo APL cases with similar age and type of breakpoint distribution (Table 1) . APL diagnosis was established according to the French-AmericanBritish (FAB) classification using conventional cytochemical staining and surface marker analysis. In all cases, cytogenetic analysis was carried out at the time of diagnosis using standard G-banding techniques. All patients showed karyotypic evidence of the t(15;17) translocation. In one case, additional changes which included an inversion of chromosome 17q together with a der(13;14)(q10;q10) were observed. Genetic diagnosis was confirmed in all cases by demonstration of the PML-RARA fusion gene in bone marrow leukemia cells using reverse transcriptase-polymerase chain reaction (RT-PCR). All patients provided written informed consent for the study, which was performed in accordance with the Helsinki declaration of 1975. In line with National and European Union guidelines, ethical approval was not required for this study.
Generation of an enriched CD34
þ -derived promyelocyte population
Peripheral blood mononuclear cells were isolated from buffy coats of eight healthy blood donors by Ficoll-Hypaque densitygradient centrifugation (D ¼ 1077 g/ml; Pharmacia, Uppsala, Sweden). All control subjects provided written informed consent for the study. CD34 þ cells were isolated using a magnetic cellsorting program and a CD34 isolation kit in accordance with the manufacturer's recommendations (Mini-MACS; Miltenyi Biotec, Auburn, CA, USA). The purity of CD34 þ -selected cells was determined for each selection and the percentage of CD34 Gene expression in APL and normal promyelocytes I Casorelli et al cells ranged from 88 to 98%. To induce granulocytic differentiation, CD34 þ cells were resuspended in a serum-free medium in the presence of granulocyte colony-stimulating factor (G-CSF) (500 U/ml), interleukin-3 (IL-3) (1 U/ml) and granulocyte macrophage colony-stimulating factor (GM-CSF) (0.1 ng/ml) (PeproTech Inc., Rocky Hill, NJ, USA). Every 2 days, viable cells were scored by trypan blue dye exclusion and cultures were supplemented with fresh serum-free medium with G-CSF, IL-3 and GM-CSF. Morphological and immunophenotypical analysis of each culture was performed at 0, 2, 4, 6 and 7 days. Briefly, cytospins were made with cells harvested at different days and cellular morphology was evaluated after MayGrunwald-Giemsa staining (Sigma, St Louis, MO, USA). CD34, CD133, CD15, CD11b, CD18 and CD24 monoclonal antibody were purchased from Pharmingen (San Diego, CA, USA). Cells were incubated with optimal concentrations of the antibodies and, after two washings in cold phosphate-buffered saline, were analyzed for fluorescence by flow cytometry (FACSCan, Becton Dickinson, San Diego, CA, USA) by Cell Quest Software. To validate microarray results, we measured protein expression of FLT3, CD33 and CD44 in fresh blasts from APL patients and in CD34 þ -derived normal cells induced to differentiate to granulocytes in vitro. Leukemic and normal cells were labeled with anti-CD33, anti-CD44 (Pharmingen), anti-FLT3 (Serotec, Oxford, UK) and analyzed by cytometry.
RNA isolation
Bone marrow cells collected at diagnosis were separated on Ficoll gradients and mononuclear cells were cryopreserved. Total RNA from leukemic and normal promyelocytes was extracted using the RNeasy Mini Kit following the manifacturer's instructions (Qiagen, Valencia, CA, USA).
Hepatocyte growth factor evaluation
Hepatocyte growth factor (HGF) concentration in cell culture supernatants was evaluated by enzyme-linked immunosorbent assay (ELISA) using a commercial kit from RaD Systems (Minneapolis, MN, USA) specific for the detection and quantification of human HGF. The detection limit was 5 pg/ml.
Gene expression profiling and data analysis
Disposable RNA chips (Agilent RNA 6000 Nano LabChip kit) were used to determine the concentration and purity/integrity of RNA samples using Agilent 2100 bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). Two-cycle target labeling assays, HG-U133 GeneChip (Affymetrix, Santa Clara, CA, USA) arrays hybridization, staining and scanning were performed according to the standard protocol supplied by Affymetrix. The amount of a transcript mRNA (signal) was determined by the Affymetrix GeneChip Operating Software (GCOS) absolute analysis algorithm as already described.
14 All expression values for the genes in the absolute GCOS analyses were determined using the global scaling option. Alternatively, probe level data were converted to expression values using robust multi-array average (GCRMA) procedure (BioConductor package, www.bioconductor.org). 15 The GCRMA generated data were uploaded onto GeneSpring software version 7.2 (Agilent Technologies, Palo Alto, CA, USA,) using the log 2 transformation procedure. A 'per gene' normalization was achieved by dividing each signal by the median of its values in all samples. In order to remove genes that are never expressed or expressed always at the same level, the expression data were low-level filtered using GeneSpring to select genes detected as 'present' in at least one sample. Then, genes whose normalized expression levels were always between 0.5 and 2 across all of the samples were filtered out. Hence, unsupervised cluster analysis of all the samples was performed using the condition tree option included in the GeneSpring package, applying the Pearson correlation equation. Supervised analysis was performed using: an analysis of variance (ANOVA) test, specifically, a Welch t-test (variances not assumed equal, P-value cutoff 0.05) using the Bonferroni method to control the family-wise error rate and an SAM analysis (significance analysis of microarrays -Bioconductor package) (three fold change, 100 permutations, false discovery rate (FDR) median: 0%, 90th percentile: 0%). Discrimination between de novo APL and sAPL was performed by supervised analysis using an ANOVA test, specifically, a Welch t-test (variances not assumed equal, P-value cutoff 0.01) and dChip Compare Sample procedure. 16, 17 The comparison criteria utilized in dChip require the fold change and the absolute difference between two groups' means to exceed user-defined thresholds (in the present study, 2 and 100, respectively). The 'use lower 90% confidence bound' has been selected to use the lower confidence bound of fold changes for filtering. 16, 17 The lower confidence bound is intended as a conservative estimate of the real underlying fold change. FDR has been used to adjust P-value for multiple comparisons by 100 random permutations of the group labels. The principal component analysis (PCA) of the matrix having as rows the genes (statistical units) and as columns the samples (variables) was performed on the entire set of genes without any filtering. Another PCA was performed on 123 DNA repair genes, selected according to published literature and expert knowledge (Supplementary Table 1 ). The extracted component loadings were checked for their ability to discriminate different groups of patients according to the method proposed by Landgrebe et al. 18 and subsequently validated by Wang and Gehan. 19 
Analysis of DNA repair genes by real-time RT-PCR
Analysis of mRNA expression of the transcripts for BRCA1, RAD51, MSH6 and MLH1 was performed by quantitative RT-PCR (QRT-PCR), using the predesigned Assays-on-Demand Gene Expression Assay (Applied Biosystems, Foster City, CA,USA; Assay ID Hs00173233-m1, Hs00153418-m1, Hs00264721-m1, Hs00179866-m1). Briefly, cDNAs were reverse transcribed from total RNA (1 mg per sample) using High Capacity cDNA Archive Kit (Applied Biosystems) as described by the manufacturer. TaqMan PCR reactions were performed on cDNA samples using the TaqMan Universal PCR Master Mix (Applied Biosystems) according the manufacturer's instructions on the ABI Prism 7000 Sequence Detection Systems. All amplification steps were performed in triplicate. The comparative cycle threshold method (DDC t ) for relative quantification of gene expression was used. The ribosomal protein 18S gene (RP18S) was used as an internal control (part number 4319413E). The calibrator sample was a pool of RNA extracted from eight different samples of promyelocytes derived from CD34 þ cells obtained from peripheral blood of healthy subjects.
Results
Morphological and immunophenotypical characterization of CD34
þ -derived promyelocytes
Promyelocyte-enriched samples were generated by culturing CD34 þ cells from healthy blood donors in serum-free medium supplemented with granulocyte-differentiating factors. Cell progressed from undifferentiated hemopoietic progenitor cells on day 0 to promyelocytes on days 6-7 and typical morphologies were produced under these culture conditions in a reproducible manner (Figure 1a) . At day 7, we observed a cell population containing 495% of cells with the typical morphological characteristics of promyelocytes (hypergranular cells with hypertrophic centrosome/Golgi). Flow cytometry analysis, on daily basis from day 0 up to day 7, of cell surface marker expression demonstrated that at day 7 the CD34 marker had disappeared, markers of different stage of maturation (CD11b) or of non-granulocytic lineage (CD14, GPA) were absent (data not shown). Granulocytic differentiation is reflected in the continuous evolution of surface markers CD15 versus CD33 (Figure 1b ). Promyelocytes at day 7 were then used to perform experiments of expression profiling.
Clustering analysis
We analyzed gene expression profiles of eight enriched CD34 þ -derived promyelocyte samples and 16 samples of APL blasts expressing PML-RARA. Biotinylated cRNA targets were synthesized from each sample and hybridized to HG-U133A Affymetrix GeneChips. Signals were generated using GCOS and GCRMA and further analyzed with the Genespring software. Using an unsupervised hierarchical clustering approach, we defined natural subclasses of samples as determined by gene expression profiles. We performed the clustering on a low-level filtered probe list using the Pearson correlation equation (see Patients and methods). The clustering results are shown in Figure 2a . This approach identified two main groups that correspond to the expression pattern of the eight normal promyelocyte cultures distinguished from the 16 leukemic samples derived from APL patients. In order to select the transcripts with a higher discrimination capacity between the two groups identified, we employed two different approaches: the ANOVA and SAM analyses. We applied them to the low-level filtered list of genes derived from the unsupervised analysis. The transcripts passing both ANOVA and SAM analyses generated a list of 1020 probe sets with 800 downregulated and 220 upregulated genes in APL (Supplementary Table 2 ). Clustering analysis on this supervised probe list is shown in Figure 2b .
Functional classification of discriminating genes
The 1020 probe sets were then investigated in their functional classification using the Ingenuity Pathway Analysis (IPA, Ingenuity Systems Inc., www.Ingenuity.com): a web-based software application that enables to model and analyze the complexity of biological systems. The list of genes was explored by screening the most statistically relevant overrepresented molecular and cellular functions, that are: lipid metabolism, small molecule biochemistry, cell cycle, RNA post transcriptional modification, cellular assembly and organization, DNA replication/recombination/repair and gene expression (Figure 3) . A large series of genes involved in the regulation of transcription was found to be either upregulated (members of the JUN and FOS family, SAP30, XIST, CEBPD) or downregulated (TAL1, HOXA7, HOXA9, HOXA10, MEIS1) in APL in comparison to normal promyelocytes. In contrast, we noticed that genes involved in the cell cycle control and in DNA replication/recombination/repair were consistently downregulated in APL.
Correlation between gene expression and protein levels
We observed a strong upregulation of genes coding for the membrane proteins FLT3, CD33, CD44 and for the soluble factor HGF in APL samples. To verify these changes at protein level, we measured expression of FLT3, CD33, CD44 by flow cytometry in fresh blasts from APL patients and in CD34
þ -derived cells induced to differentiate to granulocytes (Figure 4) . The levels of FLT3 protein were found to be greatly increased in fresh APLs promyelocytes, whereas both CD34 þ and cells analyzed at different days of neutrophil maturation showed undetectable levels of protein expression (Figure 4a) . A similar pattern of protein expression was found for the other surface markers CD33 and CD44 (Figure 4b and c) . In addition HGF, measured by ELISA, was virtually absent in the supernatant of promyelocytic cultures, whereas high levels were found in supernatants of fresh APL blasts kept in culture for 1 day (Figure 4d) . Hence, for all the markers we have assessed, the results obtained from microarrays data found a perfect correspondence in protein analyses.
Principal component analysis
The organization of our data is mainly degenerated, that is, the number of variables (genes) massively exceeds the number of independent statistical units (biological samples). As this structure might be associated with 'chance' correlations, 20 we inverted the respective roles of genes and normal/leukemic promyelocytes (statistical units and variables, respectively) and the resulting matrix was submitted to PCA. This method uses an unsupervised learning approach to investigate natural co-expression structures (components) of the entire genome. 21, 22 The results details are reported in the Supplementary material (Supplementary Table 3) . A minor portion of the entire gene expression pattern, the second component PC2, which explains 5% of the gene expression variability, contains all the information necessary for the discrimination between normal cells and APLs (all positive loadings in normal promyelocytes and negative ones in leukemic samples). A plot of the PC2 and PC3 loadings against each other allows the clear visualization of the parting between the two groups ( Figure 5a ). Thus, a second multivariate approach such the PCA confirms the conclusion that normal promyelocytes and APLs show widely different patterns of gene expression.
Discrimination between de novo and sAPLs by supervised and PCA analyses
To identify the most relevant genes involved in the separation between these two groups, we applied a supervised approach. The ANOVA analysis led to the identification of 142 significant probe sets. Moreover, dChip Compare Sample procedure allowed the identification of 159 significant probe sets, with an overall median FDR of 6.3% (90th percentile FDR of 18.5%). Probe sets passing both analyses (56 probe sets, corresponding to 54 transcripts) were selected as a 'changing' gene list with 42 genes upregulated and 12 genes downregulated in sAPL ( Table 2 ). Several of the downregulated genes of known function in sAPL (7/12) encode ribosomal proteins or factors involved in the regulation of protein synthesis. Among the upregulated genes, we noticed the overexpression of two members of the FOS family (FOS and FOSB), which were already identified as more highly expressed in the APL in comparison to normal promyelocytes. Clustering analysis of these genes is shown in Figure 6 .
When the entire expression data set was submitted to PCA to separate de novo and sAPLs, the space spanned by third and fifth components allows a significant discrimination between the two groups. The PC3/PC5 space relative to the leukemic patients is reported in Figure 5b (Student's t-test, Po0.05 and Po0.01 for PC3 and PC5, respectively; Supplementary Table 3 ). The separation is remarkable, given that it is based on an unsupervised technique and these two components account for a very minor portion of the total variance. Thus, two different methods for data analysis allow identifying differences between secondary and de novo APL on the basis of the global gene expression profiling. In addition, both analyses indicate that these differences are limited to a small subset of genes. 
PCA analysis of DNA repair genes
A previous report identified genes involved in DNA repair, and in particular in base excision repair, as modulated by the PML-RARA fusion proteins and relevant in the leukemic phenotype. 23 In the list of genes able to discriminate normal promyelocytes from APLs, we also noticed several genes belonging to various DNA repair pathways (Supplementary Table 2 ). We submitted to PCA a matrix formed by 123 DNA repair genes (variables) and normal/leukemic promyelocytes (statistical units). This list was selected according to current knowledge on their function and personal expertise (Supplementary Table 1 ). The analysis of the component loadings shows that the first component (PC1) explains 28% of gene expression variability and contains all the information necessary for the discrimination between normal cells and APLs (all APLs scores are lower than normal promyelocytes scores) (Po0.0001, t-test) (the eigenvalues Abbreviations: ANOVA, analysis of variance; sAPL, APL occurring as a second tumor.
Gene expression in APL and normal promyelocytes I Casorelli et al profiles and component loadings are shown in Supplementary  Table 4 ). Thus, the multivariate approach is able to discriminate normal promyelocytes from leukemic ones using the pattern of gene expression of this very limited subset of DNA repair genes. We noticed that the majority of discriminating DNA repair genes (a list generated by the selection of the highest/lowest PC1 scores) was downregulated in leukemic cells and only a few were upregulated (Table 3) . We then used the same approach to try to discriminate between secondary and de novo APLs. In this case, we were able to significantly separate the two groups using the fourth and sixth components. A plot of the PC4 versus PC6 plane allows the clear visualization of the parting between the two groups ( Figure 7a ). Taken singularly PC4 shows a marginally significant separation at the t-test (P ¼ 0.05), whereas PC6 has a marked significance (Po0.02). It is noticeable that only two patients are misclassified, that is, two de novo APLs are considered as sAPLs. Downregulated and upregulated genes were equally represented in the list of genes able to discriminate the two groups (Figure 7b) .
Thus, expression profiling of a selection of relevant genes (DNA repair genes) is capable of successfully identifying sAPLs from de novo cases. This minor portion of the entire gene expression pattern contains all the information needed to discriminate between de novo and sAPLs.
Analysis of DNA repair genes by real-time RT-PCR
In order to validate microarray data in a new panel of APL cases, we evaluated the expression levels of selected DNA repair genes by QRT-PCR analysis in leukemic cells from nine de novo APL samples. We selected DNA repair genes identified by PCA (the MSH6 and MLH1 MMR genes and the RAD51 and BRCA1 recombinational repair genes) and which were downregulated in APL versus normal promyelocytes. BRCA1 was also identified as downregulated by the supervised analysis approach. QRT-PCR confirmed the microarray data, showing a strong reduction of MSH6, MLH1, BRCA1 and RAD51 expression in all APL samples with a fold change ranging from 3 to 14.3 (Supplementary Figure 1) . Therefore, the analysis by RT-PCR of mRNA levels is consistent with microarrays data.
Discussion
Gene expression profiling has been successfully used to classify different FAB subtypes of AML and/or to identify AML characterized by different karyotypic alterations. Rarely the comparison with a normal cellular counterpart has been performed and in these cases CD34 þ cells have been used. [24] [25] [26] In order to take into account both lineage-and stage-dependent changes of leukemic blasts, we compared the expression profiles of APLs with their normal counterpart, that is, CD34
þ -derived promyelocytes.
To extrapolate the main information from gene expression data, we used two different statistical approaches able to unveil the different levels of complexity of the studied disease. In the first one, the supervised approach, single genes are identified as the determinant factors of differential phenotypes, whereas in the second, based on the PCA, the attention is shifted from single genes to co-regulated networks. The discriminant components represent circuits of genes whose cooperative action is needed to obtain the phenotype under analysis. This implies that genes having extreme scores in the discriminating components are not the genes that taken singularly operate the discrimination but those mostly involved in co-regulation circuits. 27 Therefore, the lists of genes identified by ANOVA followed by clustering and by PCA are not overlapping completely. The complementary character of the two approaches allows a more thorough analysis of the experimental data. In addition, experimental measurements at protein (by fluorescence-activated cell sorting (FACS) and ELISA) or at mRNA level (by real-time PCR) fully agreed with changes in several discriminating genes identified by microarrays data.
Surprisingly, the number of statistically significant genes modulated in APLs is extremely large (i.e. 41000). A similar observation was reported in studies in which modulated genes were identified by transfection of the leukemia-associated fusion genes PML-RARA, PLZ-RARA and AML-ETO, into the hemopoietic precursor U937 cell line. 23, 28 Analogously, in a mouse study in which APLs were compared to normal promyelocytes changes in expression of a large number of genes were identified. 29 Taken together, these results, using different 30 The functional analysis of the supervised approach results (1020 transcripts), that is, the genes modulated in leukemic versus normal promyelocytes revealed that PML-RARA influences the expression of genes involved in the control of different cellular functions, including lipid metabolism, DNA repair and cell cycle. Interestingly, a trend toward a transcriptional repression of genes involved in diverse mechanisms of DNA repair and cell cycle control was found in leukemic promyelocytes. This list includes genes controlling the progression through mitosis (BUB3, BUB1B, CCNA2, CCNB1, CDC2, CDC20), the G1 and G2 checkpoints (CHEK1, CHK2) and several DNA repair genes Table 3 Discriminating genes between normal and leukemic promyelocytes (PCA restricted to 123 DNA repair genes) (XRCC5, BRCA1, G22P1, FEN1). A more detailed analysis by PCA of 123 selected DNA replication/repair genes present in the HGU133A GeneChip was also capable of discriminating normal promyelocytes from leukemic ones. Again, we noticed that the majority of discriminating DNA repair genes (a list generated by the selection of the highest/lowest PC1 scores) was downregulated in leukemic cells and only a few were upregulated. Several of these expression changes occur in genes involved in DNA replication. Some of these variations might be due to a diminished proliferation rate of malignant promyelocytes, further supported by the downregulation of key cell cycle control genes. Of more profound significance is probably the downregulation in the expression of several base excision repair and recombinational repair genes, which might result in an altered sensitivity to mutagens, accumulation of DNA damage or increased mutagenesis. Thus, our data suggest that defects in base excision repair and recombinational repair might play a role in APLs development. This is in agreement with the low penetrance of PML/RARA gene in a mouse model for APL 31, 32 and the proposed hypothesis that the genetic instability provided by defective DNA repair is needed for the full expression of the transformed phenotype of cells containing the 15:17 translocation. 23 A comparison of our results with previous reports of genomic profiling in AML is difficult because the majority of the studies are based on the cumulative analysis of different FAB subtypes and/or experimental systems are not fully comparable. [23] [24] [25] [26] [28] [29] [30] For example, the only report of expression profiling using normal promyelocytes is based on a mouse model of APL. 29 Interestingly, Valk et al. 25 determined the gene expression profiles in samples from 285 patients with AML, including 19 APL cases, and normal bone marrow and CD34 þ samples derived from healthy control subjects and identified 16 groups of AML on the basis of molecular signatures. Cluster 12 contained all cases of APL and, in accordance with our results, SAM analyses revealed that genes coding for the two growth factors HGF and FGF were specific for this cluster and the authors suggest that HGF could be among the best predictors of t(15;17) abnormality. The functional categories that are recurrently identified by these studies include regulators of transcription and genes involved in the control of differentiation, cell cycle and apoptosis.
The most important general feature of the transcriptional profiles of de novo and sAPLs is their striking homogeneity. In particular 'unsupervised PCA', where no a priori knowledge of the class of the samples is used, indicated that the first principal component explains 88% of the total variability. The remarkable similarity in the pattern of gene expression of the patients implies a common pathological entity, besides its causative agent. These common biological features may also explain the striking clinical similarities between de novo and sAPL including their equally favorable response to differentiation-based protocols. However, a small number of genes were still capable of separating sAPLs and de novo cases using supervised and PCA analyses. The repression of genes involved in protein synthesis is of uncertain significance, although alterations in some of these genes might have a role in human disease, such as the RPS19 gene in the pure red cell aplasia of childhood DiamondBlackfan Anemia caused by an intrinsic defect in erythropoietic progenitors. 33 Expression profiling of a selection of DNA repair genes was also capable of successfully identifying sAPLs from de novo cases. It is well known that loss of MMR is a major step in the development of secondary leukemias, including APLs. Indeed, decreased levels of some MMR genes (MSH2, MSH6, MLH3, MSH3) were found in sAPLs compared to de novo cases. In addition, upregulation of several genes involved in recombinational repair was also observed (RECQL5, RAD51C, XRCC4, BRCA2, ERCC1). The OGG1 glycosylase, which removes the oxidized base 8-oxoguanine from DNA, and the AP endonuclease APEX1 are also highly expressed in sAPL, suggesting a possible exposure to an oxidative stress. 34 These data suggest that at least this step in the leukemogenesis process occurring in sAPLs might differ from de novo cases and an imbalance in these repair pathways may underlie the development of secondary tumors. Sporadic reports describe sAMLs with defects in Fanconi pathways or with polymorphisms in the MSH2 MMR gene 35 or in XRCC1. 36 Molecular analysis of breakpoints sequences in APL that developed following topoisomerase II inhibitors suggests that non-homologous end-joining-mediated events might give origin to different translocations in secondary cases and de novo cases. 37 Global expression profiling together with these observations suggest that inefficiency of more than one DNA repair pathway might favor the neoplastic transformation process leading to sAPLs. In light of the changes in gene expression of recombinational repair genes, the absence of extensive alterations in the karyotype of sAPLs is surprising. These observations altogether suggest that changes in gene expression of DNA repair genes might produce major consequences at gene rather than at genomic level.
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